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We examine the consequences of recent developments on Fayet-Iliopoulos (FI)
terms for D-term inflationary models. There is currently no known way to couple
constant FI terms to supergravity consistently; only field-dependent FI terms are
allowed. These are natural in string theory and we argue that the FI term in D3/D7
inflation turns out to be of this type, corresponding to a pseudo-anomalous U(1)FI.
The anomaly is canceled by the Green-Schwarz (GS) mechanism in 4 dimensions.
Inflation proceeds as usual, except that the scale is set by the GS parameter δGS.
Cosmic strings resulting from a pseudo-anomalous U(1) have potentially interesting
characteristics. Originally expected to be global, they turn out to be local in the
string theory context and can support currents. We outline the nature of these
strings, discuss bounds on their formation, and summarize resulting cosmological
consequences.
I. INTRODUCTION
The early universe, below the Planck energy scale, is described by an effective N = 1
supergravity theory. Since inflation should have taken place at an energy scale V 1/4 ≤ 4×1016
GeV, any inflationary model should be built within supergravity. It is however difficult to
implement slow-roll inflation within supergravity. The positive false vacuum of the inflaton
field spontaneously breaks global supersymmetry, which is restored after the end of inflation.
In supergravity theories, the supersymmetry breaking is transmitted to all fields by gravity,
and thus any scalar field, including the inflaton, acquires an effective mass of the order
of the expansion rate during inflation. This is the problem of Hubble-induced mass (or
η-problem), which originates from F-term interactions and can be resolved if the vacuum
energy is dominated by the nonzero D-terms of some superfields. This results in D-term
inflation which, a priori, can be easily implemented within string theory.
D-term inflation requires the existence of a nonzero Fayet-Iliopoulos (FI) term, which can
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2be added to the Lagrangian only in the presence of an extra U(1) gauge symmetry. The
symmetry breaking at the end of the inflationary phase implies that cosmic strings (called
D-term strings) are always formed at the end of D-term hybrid inflation. By tuning the free
parameters of D-term inflation, the contribution of cosmic strings to the Cosmic Microwave
Background (CMB) temperature anisotropies can be within the upper limit allowed by the
measurements [1, 2].
Going from supersymmetric grand unified theories to string theory, one can again build
a D-term hybrid inflation model 1 and obtain at the end of inflation, realized through brane
interactions, one-dimensional string-like objects (D-strings) analogous to the D-term ones.
In the context of string theory, brane interactions offer a plausible framework for the real-
ization of inflation. Compactification to four space-time dimensions leads to scalar fields and
moduli which could play the roˆle of the inflaton field, provided they do not roll quickly. Brane
inflation ends by a phase transition mediated by open string tachyons. The annihilation of
the branes releases the brane tension energy that heats up the universe so that the hot big
bang epoch can take place. Brane annihilations allow the survival of only three-dimensional
branes [4, 5] with the production of fundamental string-like objects, called cosmic super-
strings [6–10] in an analogous way to cosmic strings, which are generically formed [11] at
the end of hybrid inflation in the context of supersymmetric grand unified theories.
In what follows we study a particular D-term inflationary model, which arises within the
context of brane cosmology, and we then discuss some of its phenomenological consequences.
More precisely, we examine the consequences of recent developments on FI terms in D3/D7
brane inflation. In Sec. II we summarize the current understanding in building models with
constant FI terms coupled to gravity. In Sec. III we discuss the origin of field-dependent
FI terms in D3/D7 brane inflation. In Sec. IV we study cosmic strings formed at the end
of this brane inflation model under consideration. We analyze the nature of strings formed
at the end of D3/D7 brane inflation and then constrain the free parameters from current
observational data. We round up with our conclusions in Sec. V.
II. FI TERMS IN SUPERGRAVITY
The reasons for historical difficulties in attempting to couple models with (constant) FI
terms to gravity in a gauge-invariant way have recently become clear [12, 13]. Namely, in
the presence of FI terms it is not possible to construct a self-consistent Ferraro-Zumino
(FZ) multiplet [14], and consequently one cannot couple the theory to supergravity in the
usual “old minimal” formalism. If the theory possesses a continuous R-symmetry, the R-
1 Note that in a realistic string model like the one studied here, one cannot avoid F-term contributions
in the inflationary potential since these are needed to stabilize the moduli fields of the theory. These
contributions can be fine tuned in order to avoid the η-problem [3].
3multiplet [13, 15] exists and can be used to couple to supergravity according to the “new
minimal” formalism (see Ref. [15] and references therein). In both case the on-shell for-
mulation possesses a continuous global symmetry. However, consistent theories of quantum
gravity do not have exact continuous global symmetries.
Without alternative methods for coupling a theory to supergravity, these observations
amounted to a proof by contradiction that consistent supergravity theories with constant
FI terms were impossible (see Ref. [12, 13]). In fact, an alternative interpolating super-
current supermultiplet, the S-multiplet, is defined even when there is an FI term and no
R-symmetry [15]. Gauging this leads to a supergravity theory with an additional chiral
superfield Φ, equivalent to that arrived at by first adding Φ to the original theory such that
the combined theory has an FZ multiplet and can be gauged as usual [15, 16]. Thus the
S-multiplet allows one to avoid the problems sketched above by rendering the FI term field-
dependent. These are the only FI terms we know how to include in a consistent supergravity
theory at present. We do not have a proof of inconsistency or a no-go theorem, but neither
do we know how to construct a consistent supergravity theory with constant FI terms.
III. FI TERMS IN D3/D7 BRANE INFLATION
Field-dependent FI terms are expected to arise naturally in string theory [17–19]. Field-
dependent FI terms can arise when the gauge group U(1)FI develops an anomaly upon
compactification of the original string theory. Since string theory is anomaly free, anomaly
cancellation (via the GS mechanism [20]) must take place in the lower dimensional theory,
and this gives rise to FI terms with ξ ∼ δGS ∼ TrQ, where Q is the charge operator of the
fields charged under U(1)FI [19]. The U(1) is then referred to as pseudo-anomalous. To see
that the FI term in the D3/D7 inflationary model [3, 21, 22] corresponds to this case, recall
the setup of this model, in which the distance between a D3- and a D7-brane (in a Type
IIB theory compactified on K3 × T 2/Z2, with the D7-brane wrapping K3) plays the roˆle
of the inflaton. The supersymmetry of the system is broken by nonselfdual fluxes on the
D7-brane, which give rise to an attractive potential between the branes as follows: Consider
a nonselfdual flux F = F − B = dA − B (where Fmn is the field strength of the vector
field Am and Bmn is the pull-back of the NS-NS 2-form field) on the D7-brane and in the
directions perpendicular to the D3-brane. Writing the flux components as [21]
F67 = tan θ1 ; F89 = tan θ2 , (1)
the attractive potential between the branes is
V ∼ (sin θ1 − sin θ2)2
∼ (θ1 − θ2)2 , (2)
corresponding to the square of the supersymmetry breaking parameter ξ = θ1 − θ2. The
strings stretching between the D3- and D7-branes in the 4, 5 directions correspond to the
4waterfall fields (in the N = 2 hyper-multiplet [21, 22]), which are charged under U(1)FI. We
argue that the sum of their charges is ξ = θ1− θ2, by T-dualising along the 6, 8 directions to
get a D5-brane tilted by an angle θ1 = tan
−1(2piα′F76) in the (6, 7)-plane and by an angle
θ2 = tan
−1(2piα′F89) in the (8, 9)-plane. When the angles are not equal, supersymmetry is
broken in the T-dual picture as it is in D3/D7 [23, 24]; this corresponds to a rotation of the
complexified scalars ζ1 = x
6+ıx7 and ζ2 = x
8+ıx9, according to ζ1 → eıθ1ζ1 and ζ2 → eıθ2ζ2,
respectively. Thus we can identify the angles θi with the charges of the waterfall fields ζi
under the relevant U(1) in D3/D7.
The connection between nonselfdual flux and a pseudo-anomalous U(1) was alluded to
in Refs. [25, 26], where it was pointed out that the roˆle of the axion in the GS mechanism
in Type IIB string theory will be played by the field dual to the 4-form C(4), in the same
multiplet as the volume modulus. Thus the roˆle usually played by the axion-dilaton is played
in D3/D7, which we analyze below 2, by the complex Ka¨hler modulus s = Vol(K3) + ıC(4).
The original construction using nonselfdual fluxes on the D7-brane to generate an FI term
was motivated by the need to create a nonprimitive flux, to break supersymmetry and to
get an attractive potential between the branes. We have seen that this construction is also
intrinsically consistent with having a field-dependent FI term, as demanded by our current
understanding of FI terms in supergravity.
IV. COSMIC STRINGS IN D3/D7 BRANE INFLATION
The main implication of a pseudo-anomalous U(1)FI in D3/D7 brane inflation is that the
strings which form at the end of inflation will be local axionic strings. Note that cosmic
strings from pseudo-anomalous U(1) might be naively expected to be global because they
are axionic; they are sourced by a 2-form which is Hodge dual to a scalar a with axionic
4-dimensional coupling [27, 28]. However, the GS counter terms also give rise to a coupling
∂µaA
µ between the axion-type field and the gauge field associated with the anomaly, as
well as a mass term for the gauge field [17]. This corresponds to a higgsing of the axionic
instability [29], rendering the axionic strings local (with finite energy per unit length) [30, 31].
These local axionic strings were studied further in Ref. [31], where the conditions under which
they will be current carrying were discussed. We apply this analysis to the D3/D7 brane
inflation model, and then discuss the micro-physical nature of the strings formed at the end
of D3/D7 inflation, when the separation between the branes goes subcritical and the strings
stretching between them become tachyonic. This corresponds in the gauge theory to the
waterfall stage at the end of inflation and ends when the D3- dissolves into the D7-brane.
2 Here C(4) denotes the Hodge dual of Bµν where Cµνab = BµνJab, with Jab the Ka¨hler form of K3 and
µ, ν denoting indices in the noncompact directions.
5A. String construction
The D3/D7 brane setup preserves N = 2 supersymmetry, and inflation in this system
is naturally described in N = 2 language (i.e. as a specific case of P-term inflation [32]).
Equivalently, it can be described in N = 2 written in terms of N = 1 variables 3 [3, 21].
Following Ref. [31], we can therefore write the relevant part of the N = 1 action for the case
of a pseudo-anomalous U(1)FI as
L = Z†i e2qiVZi +K +
[
1
4
SW αWα +W (Zi, S)
]
δ(θ¯2) + h.c. , (3)
so that the bosonic part reads
LB = |Dµζi|2 − F †i Fi +
1
4s2R
(∂µsR)
2 +
1
4s2R
(∂µa− 2δGSAµ)2 − 1
4s2R
|Fs|2
−sR
2
D2 − sR
4
FµνF
µν +
a
4
FµνF˜
µν , (4)
where S(s, 2sRχα, Fs) is the chiral field associated with the GS mechanism, V (Aµ, s
− 1
2
R λα, D)
is the U(1)FI vector superfield and Zi(ζi, ψiα, Fi) are the chiral superfields that contain the
waterfall scalars. The covariant derivative is given by Dµφ = (∂µ + ıqφAµ)φ. The ζi are the
fields charged under U(1)FI; these are known as waterfall fields and appear in an N = 2
hypermultiplet. In the D3/D7 setup they are given by the strings stretching between the
D3- and D7-branes [22]. By the argument given in Sec. III, we can take their charges to be
q1 = θ1 and q2 = −θ2. Further, as we argued above, s = Vol(K3) + ıC(4), i.e. the Ka¨hler
modulus 4 of K3 will play the roˆle usually played by the axion-dilaton (see e.g. Ref. [31]).
Here K represents an expansion in terms of derivatives of the modified Ka¨hler potential
K [33], which is given by [34]
K(S, S¯) = − log
(
S + S¯ − 4δGSV + (Y3 − Y¯3)2
)
, (5)
where we have included the dependence on the inflaton y3 [3] (Y3 is the corresponding
superfield) and the modification due to the GS anomaly cancellation [17, 30]; δGS =
(1/192pi2)
∑
qi.
Note that the shift symmetry of the inflaton displayed by the Ka¨hler potential can be
spoilt by quantum corrections. As discussed in Ref. [3], some fine-tuning of the other moduli
is then required in order for the real part of y3 to be a well-defined inflaton. Of more relevance
here is the fact that, via the dependence of the D7-brane coupling on y3, the appropriate
3 In fact the N = 2 supersymmetry of the system is broken to N = 1 by bulk 3-form fluxes, while the
remaining N = 1 supersymmetry is broken by the worldvolume fluxes which give rise to the Fayet-
Iliopoulos term.
4 We use the notation of Ref. [3] multiplied by a factor of −ı in order to be consistent with the notation of
Ref. [31].
6definition of Re(s) also involves a term dependent on y3. This will not affect our argument
because we do not make use of the specific form of s, and we set y3 = 0 in constructing our
string solutions below.
The superpotential W is of the form [3]
W (y3, ζi, s, t) = W0 + A(ζi, t, ...)
[
1−∆(t)y23 +O(y43)
]
e−ics, (6)
where W0 is the flux superpotential, A depends in general on all moduli fields in the theory,
such as the complex structure modulus t of T 2, and the axion-dilaton u. Note that in our
case sR does not correspond to the dilaton, as in Ref. [31], but to the volume ofK3, which the
nonperturbative superpotential is needed to stabilize. As emphasized in Refs. [25, 35], the
volume modulus or dilaton must be carefully stabilized in models with a field-dependent FI
term, so as not to disrupt the mechanism of D-term inflation. In the D3/D7 case, the volume
modulus is stabilized by a nonperturbative superpotential due to gaugino condensation on
a stack of D7-branes wrapping the K3 [3]. The resulting F-term potential,
VF =
|A|2e−2asRsR
uR
[
3a2
2tR
+ F (y3, t)
]
, (7)
where F (y3, t) is an even polynomial of the inflaton with t-dependent coefficients [3] and the
subscript R denotes the real part of the relevant field, can then stabilize the modulus s. By
taking into account stringy corrections, it was shown in Ref. [3] that this F-term potential
will not disrupt the flatness of the inflation potential.
The D-term is [3]
D = − 1
sR
(
qiζ
†
i ζi +
δGS
sR
)
= − 1
sR
(
θ1|ζ1|2 − θ2|ζ2|2 + ξ
)
, (8)
where sR = Vol(K3) = 1/g
2, with g the gauge coupling. Note that ξ and g are the same as
in Refs. [3, 36], and are related to the (tilded) values in Refs. [21, 22, 32] by ξ = (2ξ˜)/g˜ and
g = (1/2)g˜. The D-term is minimized by
|ζ1| = 0, |ζ2| = η, sr ≡ Vol(K3) = δGS
θ2η2
, (9)
where ξ = g2δGS = (θ1 − θ2)/(192pi2)g2.
We take as our string ansatz
ζ1 = 0
ζ2 = ηf(r)e
ınϕ
s =
δGS
θ2η2γ(r)2
+ 2inδGSϕ
Aϕ = n
u(r)
r
, (10)
7where f(r), γ(r), v(r)→ 1 as r → ∞, and f(0) = γ(0) = v(0) = 0 (we take y3 = 0). As in
Ref. [31] the strings are coaxial, with an inner core of radius rD ∼ m−1D and an outer core of
rF ∼ m−1F , where
mD =
√
2δGSgθ2
√
1 + θ22 , (11)
and
mF =
√
2|A|e−a<sR>
√
12a3(a < sR > −1) , (12)
coming from the D-term and F-term potentials, respectively.
B. Nature of the strings
To better understand the nature of strings formed at the end of D3/D7 brane inflation,
we examine their conduction properties. The fermionic zero modes (E = 0) can be found
by performing a supersymmetry transformation (with transformation parameter κa) on the
string solution, Eq. (10), since this leaves the energy invariant [37], giving
δΨ1α =
√
2F1κα (13)
δΨ2α =
√
2F2κα + ı
√
2κ⋆αe
ı(n∓1)ϕη
[
f ′(r)± nf
r
(1− θ2u(r))
]
(14)
δλα =
√
δGS
θ2η2γ2
ıκα
[
θ22η
4γ2
δGS
(f 2 − γ2)∓ n
r
(
u′ − 1
r2
)]
(15)
δχα =
1√
2
θ2η
2γ2
δGS
[
Fsκα − ı2δGSκ⋆αe∓ıϕ
(
γ′
θ2η2γ2
∓ n(1− u)
r
)]
(16)
δΨ3α =
1√
2
θ2η
2γ2
δGS
F3κα , (17)
where the upper (lower) sign corresponds to α = 1(2) and F i = ∂W¯ /∂z¯i. We see that when
the F-terms are nonzero, as is the case for a general superpotential, these strings break
supersymmetry in the core, despite being local in the sense of having finite energy [31]. Their
coaxial nature complicates things somewhat: in the inner core of radius rD the F-terms are
zero and some supersymmetry is preserved, as is usual for D-term strings. Only one zero
mode is normalizable, meaning that the strings are chiral, as in Ref. [31]. This chirality
is lost when δGS → 0, as expected for F-term strings [38]. However, it is expected that at
least some zero modes will be higgsed by the gravitino transformation when the theory is
gauged [38, 39]. In this case current can only arise from suitable Yukawa couplings, which
seem to be generic in the context of our analysis.
Chiral local axionic strings could have interesting properties, with the evolution of the
string network expected to be different from that of Nambu-Goto strings [40]. Calculat-
ing the gravitational radiation from cusps (or cusp-like points) on the chiral strings, as a
function of the current, indicate that the radiation will be suppressed as compared to non-
superconducting ones, with the difference between the gravitational energy radiation from
8chiral cusps and nonsuperconducting ones being proportional to the string current [41]. This
is expected to lead to important consequences on the detection of gravitational wave bursts,
since a rather large current seems to result to a lower ampitude of the incoming signal [41].
Stable current-carrying strings could also be a potential source of primordial magnetic fields
(see e.g. Ref. [42]).
C. Constraints
If the strings can support current, it is possible for loops stabilized by the current, called
vortons [43], to form. These could present a problem as they would prevent decay of the
string network. As noted in Ref. [31], such loops will be unstable for mF/mD . 10
−2,
a condition which is easily satisfied in our case since mF is exponentially suppressed as
compared tomD. This means that the main constraint on the network is the CMB constraint
on the string tension.
The tension of cosmic strings is subject to the boundGµ ≤ 2×10−7. Strings forming at the
end of D-term inflation have a tension µ ∼ 2piξ, where we have argued that ξ must be given
by the Green-Schwarz parameter, i.e. ξ = g2δGS. Then, in units where M
2
Pl = 1/(8piG) = 1,
we have Gµ = ξ/4 and the bound is imposed on g2δGS. The strings satisfy the tension bound
only if g2δGS < 10
−7. This is the same bound given in Ref. [31]. For the value δGS ∼ 10−1,
which is usually quoted [17–19], this is only satisfied in the small coupling regime which
corresponds to a spectral index ns = 1, larger than the value currently supported by data.
It is possible that a better understanding of the GS mechanism in the D3/D7 setup will
yield a value of δGS substantially smaller than the usually quoted value; otherwise we are
left with the usual constraints on strings formed at the end of D3/D7 brane inflation.
Possible solutions proposed in the literature have been to make the strings semilocal, as
in Ref. [22, 44, 45], since the upper bound on the tension of semilocal strings is higher than
that for local abelian strings, or to suppress the string production and lower ns by taking
higher order corrections to the Ka¨hler potential into account, as in Ref. [3].
V. CONCLUSIONS
At present there is no consistent way to include constant FI terms in a theory coupled to
supergravity; only field-dependent FI terms are allowed. We have explored the implications
of this for D3/D7 brane inflation. We argue that the D3/D7 setup does make use of a field-
dependent FI term, corresponding to a pseudo-anomalous U(1)FI, so that it is consistent.
The main implication of a pseudo-anomalous U(1)FI for D3/D7 (and indeed D-term) inflation
is that the cosmic strings expected to be formed are the local axionic strings studied in
Ref. [31]. In the D3/D7 case, such strings avoid the problem of vorton production, but
are still subject to the usual CMB bounds. It is possible that further refinement of the
9theory could modify the bound somewhat; we leave this for future work. In the case that
current on the strings survives the gauging of supersymmetry, there may be some interesting
observational effects of such a string network.
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